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Protein ions, after mass spectrometric separation, can be soft-landed into liquid surfaces with
preservation of their native structures. Retention of biological activity is strongly favored in
glycerol-based surfaces but not in self-assembled monolayer solid surfaces. Soft-landing
efficiency for multiply-charged hexokinase ions was found to be some four times higher for a
glycerol/fructose liquid surface than for a fluorinated self-assembled monolayer surface.
Soft-landing into liquid surfaces is also shown to allow (1) protein purification, (2) on-surface
identification of the soft-landed material using MALDI, and (3) protein identification by
in-surface tryptic digestion. Pure lysozyme was successfully isolated from different mixtures
including an oxidized, partially decomposed batch of the protein and a partial tryptic digest.
Liquid glycerol/carbohydrate mixtures could be used directly to record MALDI spectra on the
soft-landed compounds provided they were fortified in advance with traditional MALDI
matrices such as p-nitroaniline and -cyano-4-hydroxycinnamic acid. Various proteins were
soft-landed and detected on-target using these types of liquid surface. Soft-landing of
multiply-charged lysozyme ions onto fluorinated self-assembled monolayer surfaces was
found to occur with a limited amount of neutralization, and trapped multiply-charged ions
could be desorbed from the surface by laser desorption. Initial data is shown for a new
approach to protein identification that combines top-down and bottom-up approaches by
utilizing protein ion soft-landing from a protein mixture, followed by tryptic digestion of the
landed material and detection of characteristic tryptic fragments by MALDI. (J Am Soc Mass
Spectrom 2004, 15, 1874–1884) © 2004 American Society for Mass SpectrometryMolecular ion soft-landing, characterized bydeposition of intact molecules on surfaces atlow kinetic energies [1], has been applied in
experiments ranging from studies using chemically
inert and structurally organized self-assembled mono-
layers (SAMs) as substrates for ion storage [2], to
studies of ion mobility through ice and vapor deposited
films [3, 4], to experiments aimed at developing a
separation method in a form of preparatory mass spec-
trometry [5, 6]. Simple organic cations [7, 8], metal
clusters [9], polysaccharides [10], a nucleotide [11], and
intact viruses [12–14] have all been the targets of
examination by ion soft-landing. The separation, puri-
fication, and storage of chemical species by a com-
pletely non-destructive, mass spectrometric approach
are the objectives of the studies currently underway in
our laboratory.
In a preliminary report [5], we described a method
which showed the potential for generating biologically
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selective ion soft-landing. After ionization of the mix-
ture by electrospray (ESI), individual protein ions were
mass-selected and soft-landed at predetermined loca-
tions on the surface. The results showed that the use of
mass spectrometry as a separation method in biology
provides high selectivity because components with dif-
ferent molecular formulas can be separated and soft-
landed. However, retention of the biological activity of
a protein or other biomolecule in the course of this (or
any mass spectrometry experiment) is a much more
challenging problem. This is the subject addressed in
the present paper through the combined choice of
gentle ionization methods and an appropriate liquid
surface for soft-landing.
It is well known that polyols and sugars can effi-
ciently stabilize a protein in an otherwise denaturating
environment [15, 16], although the underlying mecha-
nism of this process has not been elucidated. Lakshmi
and Nandi [17] in 1976 showed that sucrose and glucose
decrease the solubility of phenylalanine, tyrosine, and
tryptophan in aqueous solution and suggested that this
was due to increased hydrophobic interactions. An-
other notable study [18] investigated the effect of sor-
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nuclear magnetic resonance and pointed out the small
but significant changes in protein structure and dynam-
ics that occur upon sorbitol addition, such as motional
restriction of some alanine and threonine methyl
groups, the appearance of new intramolecular nuclear-
Overhauser effect cross-peaks in the hydrophobic core,
and changes in protein hydration. These data suggest
that proteins, in the presence of polyol based additives,
will experience reduced local motions and partial com-
pression of the entire structure which may explain the
reduced level of denaturation under the influence of
temperature and pH stress. Moreover, prior reports
demonstrated that polyols, in combination with sugars,
have a positive effect on the refolding and reactivation
of guanidium chloride-denaturated arginine kinase
[19]. Overall, polyol-based liquid environments, for
example sucrose or fructose mixtures with glycerol,
have proven beneficial in stabilizing proteins through
freezing point depression, conformational effects, pref-
erential hydration, and domain interface changes. Re-
duction in backbone mobility and its underlying role as
a bacteriostatic agent make glycerol the medium of
choice for short- and long-term storage of valuable
proteins and peptides. Given these considerations and
the fact that separation and collection of proteins by
mass spectrometry, through the use of ion soft-landing
has already been demonstrated [5], a logical step is to
attempt to separate proteins and peptides using glyc-
erol and glycerol-based surfaces as landing substrates
and to establish whether biological activity could be
maintained though the entire process of ionization,
mass analysis, soft-landing, and storage in the liquid
medium.
The family of desorption ionization (DI) techniques,
including liquid secondary ion mass spectrometry (L-
SIMS) [20], fast atom bombardment (FAB) [21–25], and
matrix-assisted laser desorption ionization (MALDI),
provide one type of approach to the examination of the
post soft-landed materials. In early reports, Hillenkamp
et al. [26] and Tanaka and coworkers [27] used liquid
matrices as means to detect various analytes by mass
spectrometry. While solid organic chromophores are
currently more widely used, there are disadvantages to
solid state ionization, including highly variable desorp-
tion efficiency across the sampled surface, high depen-
dence of the MALDI ion signal on the preparation
technique, and difficulty in obtaining quantitative re-
sults for experiments which require a sustainable stable
signal intensity over a long time span. On the other
hand, liquid MALDI matrices can be made to retain
many of the advantages of solid matrices and, in
addition, also provide a homogeneous sample, consis-
tent ion signal intensity for a large number of shots
directed at the same spot, reduced desorption energies
and the opportunity to control sample chemistry and so
enhance ionization [28, 29]. A less desirable alternative
to DI analysis of the soft landed materials is the use of
electrospray ionization (ESI). Unfortunately, analysis ofproteins, using ESI, after ion soft-landing into solutions
containing high concentrations of glycerol introduces
new problems, mainly in the detection of the landed
analytes. The low vapor pressure of glycerol and its
high affinity for proteins create interferences due to
adduct formation, clustering, and supercharging effects
[30–32]. On a positive side, most of these disadvantages
can be overcome though the use of an ESI variant,
electrosonic spray ionization (ESSI) [33]. This method
can be considered a viable alternative to desorption
ionization based analysis of soft landed materials when
instruments capable of L-SIMS or MALDI-TOF are not
available.
The arguments made above indicate that there is a
need and an opportunity to develop liquid surfaces for
ion soft-landing experiments. Desirable properties of
liquids suitable for this type of application are (1) the
liquids should be relatively nonvolatile, (2) they should
rapidly and effectively solvate the arriving gas phase
ions, and (3) they should facilitate gentle landing
through effective intermolecular energy transfer. It is
also desirable that it be possible to add enzymes and
other reagents to the liquid so that in-situ reactions with
the soft landed analyte can be carried out.
In this paper, we demonstrate new capabilities formass
spectrometry by showing that it is possible to soft-land
proteinsandpeptides fromcomplexmixtures intoglycerol-
based liquid surfaces with preservation of bioactivity. We
also show that appropriate liquid surfaces used without
any additional treatment to detect the soft-landedmaterial
by electrospray ionization (ESI), electrosonic spray ioniza-
tion (ESSI) [33], or matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI). The liquids can also be
further processed to extract the purified protein. Impor-
tantly, by adding appropriate enzymes to the liquid sur-
faces used for soft-landing substrates, the nature of puri-
fied proteins can be determined through enzymatic
reactions. For example, in the case of proteolytic enzymes,
enzymatic fragmentation can be effected and followed by
analysis of the resulting peptides by standard methods.
Experimental
Materials
Bradykinin, glycerol, lysozyme, p-nitroaniline, 2,5-dini-
trobenzoic acid (DHB), 3-aminoquinoline, -cyano-4-
hydroxycinnamic acid (CHCA), sinapic acid (SA), am-
monium bicarbonate, hydrogen peroxide, sulfuric acid,
11-mercaptoundecanol, and cytochrome c were pur-
chased from Sigma-Aldrich (St. Louis, MO). Fructose
and sucrose were purchased from Fisher Scientific
(Hanover Park, IL). Trypsin was purchased from
Worthington Biochemical Corporation (Lakewood, NJ).
Hexa-N-acetylchitohexose was purchased from Seika-
gaku Corporation (Tokyo, Japan). All HPLC grade
solvents such as methanol and water were obtained
from Waters Corporation (Milford, MA). All of these
chemicals were used without further purification.
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Commercially available gold substrates (20 mm  50
mm) were acquired from International Wafer Service).
They consisted of a Si wafer with 5 nm chromium
adhesion layer and 200 nm of polycrystalline vapor
deposited gold. Prior to soft-landing experiments, the
substrates were cut into 2  2 mm2 surfaces, cleaned in
an acid bath containing 1:4 H2O2/H2SO4 and then
washed thoroughly with deionized water and absolute
ethanol. Self-assembled monolayers were formed by
immersing the clean substrates into 11-mercaptoun-
decanol (OH-SAM) monomer solutions or 1,2-tetrahy-
droperfluorodecane disulfide [(CF3{CF2}7{CH2}2S)2](F-
SAM), prepared in ethanol (1 mM). The self-assembly
process was allowed to proceed over a period of 2
weeks.
Liquid surfaces were prepared by dissolving p-
nitroaniline, 2,5-dinitrobenzoic acid (DHB), -cyano-4-
hydroxycinnamic acid (CHCA) or sinapic acid (SA) in
glycerol, glycerol:fructose (2:1) or glycerol:sucrose (2:1).
The amount of DHB, CHCA and SA that could be
dissolved in glycerol was increased by using the base
3-aminoquinoline as solubilizing agent [34–36]. The
binary or tertiary mixtures formed through matrix
solvation in glycerol were further diluted with ethyl
alcohol (15:1000 vol/vol), which acted both as a solvent
and as a liquid surface delivery agent and allowed
control of the thickness of the final liquid surface on the
OH-SAM substrates. Evaporation of volatile solvent
from the sample plate was assisted either by a stream of
air or by vacuum.
For the experiments involving evaluation of bioac-
tivity and soft-landing efficiency, the soft-landed hex-
okinase was rinsed from the surface using 15 L 10 mM
aqueous ammonium acetate. The quantity of hexoki-
nase landed was measured by analyzing a 5 L aliquot
of this rinse solution using a Thermo Finnigan (San Jose,
CA) LCQ Classic instrument equipped with a home
built ESSI ion source. The protein concentration was
determined using loop injection together with external
standard calibration using pure hexokinase solutions.
The specific activity of hexokinase was determined by
assaying the phosphorylating activity of the soft-landed
enzyme using fructose as substrate. A 5 L aliquot of
the surface rinse solution was mixed with 5 L of a
solution containing 1 mM ATP Mg salt and 10 mM
ammonium acetate at pH 7.8. In the case of the F-SAM
surface, the rinse solution contained the exact amount
of liquid surface material (glycerol/fructose) which was
used in the parallel liquid surface landing experiment.
The mixture was incubated at 30 °C for 30 min. The
concentration of active enzyme was determined by
measuring the concentration of fructose-6-phosphate
using negative ion ESI-MS/MS for the whole assay
procedure. The ion at m/z 259 (deprotonated molecular
ion of fructose-6-phosphate) was isolated and frag-
mented at 15% relative dissociation energy. Fragment
ions at m/z 79 and 97 were monitored in an MS/MSexperiment and their abundances were used for quan-
tification in a reaction monitoring MS/MS experiment.
Calibration was achieved by adding different amounts
of enzyme to similar quantities of liquid surfaces and
repeating the process described above. All samples
were analyzed in a flow-injection mode. The specific
activity was obtained by comparing the total concentra-
tion of hexokinase to the concentration of active enzyme
and the relative standard deviation of the results was
between 10 and 20%.
Tests of bioactivity of the enzyme-doped liquid sur-
faces were performed using a surface composed of
L-1-chloro-3-[4-tosylamido]-4-phenyl-2-butanone
(TPCK) modified trypsin and glycerol, immobilized on
an OH-SAM/Au support. An estimated 1 to 10 ng of
bovine cytochrome c was soft-landed over a period of
75 min from a solution containing 0.1 mg/ml cyto-
chrome c and 0.01 mg/ml lysozyme. Except where
otherwise mentioned, soft-landing was done by mass
selecting the ion (M 15H)15 using anm/z 15 window.
Upon recovery of the liquid surface into which the
cytochrome c had been landed, digestion was initiated
by adding 50 l of ammonium bicarbonate (0.01 M).
The reaction mixture was incubated at constant 37 °C
overnight in parallel with a blank sample that did not
contain any cytochrome c.
Instrumentation
The soft-landing of mass-selected multiply-charged
ions was achieved using a single-stage quadrupole
model SSQ-710C (Thermo Finnigan, Bremen, Germany)
or by using a home-built linear ion trap mass spectrom-
eter (SL1.0) [37]. The SSQ instrument (Figure 1a) was
modified to allow a surface to be positioned in the
vacuum chamber. The modification consisted of a mov-
ing stage that included a rotating disk to which the
surface was attached at a predetermined location. The
surface was positioned between the quadrupole and the
detector. The rotating disk included an aperture that
could be used to allow the ions to pass directly to the
detector when desired. Rotation was controlled using a
stepper motor. The functionalized gold surfaces were
attached to the disk with conductive copper tape with
adhesive on both surfaces.
Ionization of protein solutions employed a home-
built electrospray ionization (ESI) source. A voltage of 4
kV was applied to the syringe tip while the flow rate of
the solution was set at 0.3 l/min. The temperature of
the heated capillary was set to 180 °C and the instru-
ment was prepared for acquisition of mass spectra to
characterize the protein solution. In this mode, later
referred to as the ion detection mode, the high voltages
on the conversion dynode and the multiplier were
turned on, the ions were detected and overall spectral
quality, including signal-to-noise ratio and mass reso-
lution over the full mass range (up to 2000 Th), was
examined. Next, the rotating disk was positioned so
that the surface mounted on the disk was located in-line
comp
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mass filter. In this mode, subsequently referred to as the
ion-landing mode, the voltages on the conversion dy-
node and the multiplier were turned off and the ions
were allowed to impinge on the surface. The voltage on
the surface was set to 0 V giving a nominal value of zero
as the collision energy used in the landing process. The
total ion dose used in each of the soft-landing experi-
ments was on the order of 1010–1011 ions as estimated by
taking into account the intensity of the mass-selected
ion beam at the electron multiplier, the voltages applied
on the conversion dynode and the electron multiplier,
the corresponding calibration factors for the detection
system, and the total ion soft-landing time.
A diagram of the linear trap instrument (LIT) is
shown in Figure 1b and its detailed operation is de-
scribed elsewhere [37]. This instrument includes an ESI
ion source, a high-capacity LIT, wave form capabilities
for ion isolation, a radial detector for mass analysis, and
Figure 1. (a) Schematic representation of the Th
used for ion soft-landing; (b) Top view: schemati
ion soft-landing and its surface loading mechan
radially from the trap along the x-axis for detec
(y-axis is coming out of the plane of the page). T
atmospheric interface, tube lens, skimmer, square
octopole ion guide as well as the other labeledfacilities for low energy transfer of trapped, mass-selected ions onto specific spots onto an electronically
movable target. In comparison with the SSQ instru-
ment, the linear ion trap instrument was custom-
designed and built for soft-landing and it has a number
of advantages in terms of ease of use, control of spot
positions in arrays, and flexibility in experimental de-
sign.
Soft-landed material was analyzed by using ESI-MS
or ESSI-MS [33] on an LCQ Classic (ThermoFinnigan,
Bremen, Germany) or by using MALDI-MS on a Bruker
Reflex III MALDI-TOF instrument. Except where other-
wise stated, the surface material recovered after soft-
landing was used without additional treatment. The
MALDI-TOF was equipped with a nitrogen laser (337
nm) and operated at an acceleration voltage of 25 kV.
The laser data was collected in reflectron mode in the
low mass range, and in the linear mode for the high
mass range. A MALDI mass spectrum consisted of the
average ion signal acquired from 100 to 200 shots, with
Finnigan SSQ 710c instrument as modified and
he prototype linear ion trap instrument built for
Note that the image depicts ions being ejected
and that the surface is aligned along the z-axis
epiction shows the ESI source, heated capillary
drupole ion guide, inter-multipole gate lens, and
onents.ermo
c of t
ism.
tion
he d
quagood shot-to-shot reproducibility due to the homogene-
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analysis by ESI-MS, the proteins or peptides separated
by ion soft-landing were recovered along with the
liquid surface by washing the gold support with 50 l
of a solution of 50:49:1 methanol:water:TFA (vol/vol/
vol).
Results and Discussion
Ion soft-landing is a relatively new separation and
preparation method that is applicable to biological
molecules, including proteins [5]. It can be used to
identify proteins and purify them from complex
mixtures. The present study follows up on a prelim-
inary report [5] of these capabilities but it also raises
the more difficult question: “Can the bioactivity of
soft-landed proteins be preserved?” The answer is in
the affirmative, at least for the selected proteins
examined by ion soft-landing into appropriate liquid
surfaces.
Isolation of Proteins from Complex Mixtures
by Ion Soft-Landing
A typical result from an experiment that tests the
purification efficiency of a crude protein sample by
ion soft-landing into a liquid surface is shown in
Figure 2. In this experiment, lysozyme from an oxi-
dized and partially decomposed sample was ionized
using conventional ESI and, based on a preliminary
mass spectral analysis (Figure 2a), ions correspond-
ing to the 10 charge state (1430–1435 Th) were
isolated using the modified SSQ instrument and
collected into a glycerol/sucrose liquid matrix. Sub-
sequent cleanup of the solution was used to remove
the glycerol matrix which interferes in the ESI anal-
ysis by producing a supercharging effect [31, 32]. The
simplest method of matrix removal consisted of car-
rying out a solvent exchange using 3kDa ultrafilter
membranes and ammonium acetate buffer (pH 
7.0). The result of mass spectrometric analysis per-
formed on the liquid after soft-landing purification is
shown in Figure 2b. The liquid matrix containing soft
landed material was rinsed using 1 mL methanol/
water 1:1 and the rinse liquid was concentrated
through ultrafiltration using a Microcon YM-3 cen-
trifugal filter unit. The concentrate was diluted with
methanol/water 1:1 10-fold, and when analyzed us-
ing the LCQ instrument under similar conditions to
those used for obtaining the preliminary information
about the impure sample, it produced the spectrum
of pure lysozyme shown in Figure 2b. The nature of
the impurities in the original sample was not identi-
fied. The results indicate that it is possible to soft-
land pure proteins into a glycerol containing liquid
surface starting with a complex protein mixture.Bioactivity Preservation Upon Ion Soft-Landing
As mentioned, one of the most desirable characteristics
of ion soft-landing would be the ability to maintain the
bioactivity of proteins that are collected after the gas
phase separation and step. To test the hypothesis that
enzymes can still function after removal from the aque-
ous environment, ionization, mass-analysis in vacuum
and then resolvation, we utilized lysozyme as a test
protein. Lysozyme is an enzyme with an antibacterial
role because it degrades the polysaccharide component
found in the cell walls of many bacteria. Lysozyme acts
by catalyzing the insertion of a water molecule into the
polysaccharide chain at the point of cleavage. There-
fore, we chose to soft-land the protein into a liquid
surface containing glycerol (with fructose added to
increase its viscosity and decrease its vapor pressure)
and hexa-N-acetylchitohexaose, a molecule composed
of six N-acetylglucosamine units, a common target for
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Figure 2. Comparison of the ESI mass spectrum of (a) an impure
sample of lysozyme with that of (b) a purified sample after
soft-landing ions of m/z 1430–1435 (only the10 charge state) into
a glycerol/sucrose liquid matrix. The landed material was sepa-
rated from the matrix by ultrafiltration and shows an ESI mass
spectrum that displays the lysozyme charge states 10, 9, and
8 consistent with neutralization upon landing.lysozyme. The ion [lysozyme  8H]8 was landed for
1879J Am Soc Mass Spectrom 2004, 15, 1874–1884 ION SOFT-LANDING INTO LIQUIDS1 h into the liquid target. Upon recovery of the liquid
surface, the enzymatic reaction was triggered by addi-
tion of NaHCO3 buffer, adjusted to a final pH of 6.5–7.5.
The solution was incubated at 38 °C and the reaction
was allowed to proceed overnight. Upon dilution of the
digestion medium and analysis by ESI-MS, the spec-
trum shown in Figure 3a was recorded. Close inspec-
tion reveals that the main digestion products, N-acetyl-
glucosamine pentamer, tetramer, trimer and dimer,
expected upon reaction of lysozyme with hexa-N-ace-
500 600 700 800 900 1000 1100 1200 1300
m/z
0
10
20
30
40
50
60
70
80
90
100
R
e
la
ti
v
e
 A
b
u
n
d
a
n
c
e
500 600 700 800 900 1000 1100 1200 1300
m/z
5
10
15
20
25
30
35
40
45
50
R
e
la
tiv
e
 A
b
u
n
d
a
n
c
e
500 600 700 800 900 1000 1100 1200 1300
m/z
0
10
20
30
40
50
60
70
80
90
100
R
e
la
tiv
e
 A
b
u
n
d
a
n
c
e
((NAG)
6
+Na)+
((NAG)
4
+Na)+
((NAG)
5
+Na)+
((NAG)
3
+Na)+
((NAG)2+Na)
+
((NAG)
6
+K)+((NAG)
5
+K)+
((NAG)
4
+Na)+
((NAG)
4
+K)+
((NAG)
3
+Na)+
((NAG)
2
+Na)+
((NAG)6+Na)
+
((NAG)6+H)
+
((NAG)5+Na)
+
((NAG)4+Na)
+
((NAG)3+Na)
+
((NAG)2+Na)
+
1400 1600 1800 2000
(L+8H)+8
(L+9H)+9
(L+10H)+10
Figure 3. Comparison of N-acetylglucosamine hexamer hydro-
lysis under enzymatic and non-enzymatic conditions: (a) ESI-MS
spectrum of an solution containing lysozyme after soft-landing the
ion (M  8H)8 into a glycerol/fructose/hexa-N-acetylchitohex-
ose liquid surface. The landed material, along with the supporting
substrate, was recovered in a buffered solution, incubated, diluted
with methanol, and injecting into an LCQ Classic for ESI analysis.
The ESI mass spectrum displays the sodiated N-acetylglu-
cosamine hexamer (NAG)6 as well as the sodiated N-acetylglu-
cosamine pentamer (NAG)5, tetramer (NAG)4, trimer (NAG)3, and
dimer (NAG)2 resulting from lysozyme bioactivity. Soft-landed
lysozyme (L) is also observed (see insert); (b) ESI-MS spectrum
corresponding to hydrolysis of NAG6 by solution-phase lysozyme
(Blank 1); (c) ESI-MS spectrum corresponding to NAG6 stored
overnight at the same temperature, pH and in the same reaction
medium as in case (a) and (b) except that no lysozyme was
present.tylchitohexose, are all present in the reaction mixturealong with the traces of soft-landed lysozyme. To fur-
ther substantiate the findings, two additional samples
were run in parallel with the incubation of the soft-
landed lysozyme. Those two samples contained, in one
case, a control with identical composition as in the
above reaction except that lysozyme was added from a
standard solution rather than being deposited through
soft-landing (Figure 3b). In the other, a blank, lysozyme
was excluded from the reaction mixture so that we
could study the effects of N-acetylglucosamine hexamer
self-hydrolysis. Overall, a distinct difference between
the self-hydrolysis of NAG6 (Figure 3c) and hydrolysis
of NAG6 by soft-landed lysozyme (Figure 3a) was
observed. Moreover we are able to confirm that the
fragments corresponding to the digested sugar were
due to the enzymatic activity of soft-landed lysozyme
because the same fragment was observed when
solution-phase lysozyme was added to a NAG6 liquid
surface containing medium and allowed to react over-
night (Figure 3b). A higher incidence of Na and K
adducts in the case of solution-phase lysozyme diges-
tion (Figure 3b) is attributed to the impurities present in
the commercial lysozyme samples, which can be elim-
inated through soft-landing purification.
Efficiency of Soft-Landing for Different Substrates
Mass spectrometric analysis of soft-landed materials in
a glycerol-based liquid is not straightforward, since
such materials are not readily compatible with either
MALDI or ESI-MS. However, variants of ESI exist
which are compatible with high glycerol concentra-
tions. Systematic studies on hexokinase soft-landing
employed a gentle electrospray variant, electrosonic
spray ionization (ESSI) [33]. The analytical performance
of ESSI, including sample consumption and sensitivity,
includes the production of narrow peaks (little or no
solvation or other adduct formation) and an extremely
narrow charge-state distribution as exemplified by a
spectrum of hexokinase shown in Figure 4. The method
tends to provide ions of proteins and protein complexes
in their native conformation rather than their denatured
states [38].
In a systematic study of soft-landing experiments
done at landing energies in the range of 0–10 eV/
charge, the landing efficiency and the specific bioactiv-
ity of yeast hexokinase were compared for the cases of
a fluorinated self-assembled monolayer surface and a
glycerol/fructose (3:2) surface. For both surfaces, the
optimal landing efficiency, defined as recovered mate-
rial/number of ions directed at the surface, was ob-
served to be ca. 3 eV/charge. At an energy of 10
eV/charge the efficiency is an order of magnitude
lower. The reasons for the decrease in soft-landing
efficiency are not known but can reasonably be associ-
ated with the increasing likelihood of simple scattering
at lower energy and surface-induced dissociation at
higher energies [39]. Note that the pressure in the linear
ion trap instrument is 1 mtorr and that the distance
1880 GOLOGAN ET AL. J Am Soc Mass Spectrom 2004, 15, 1874–1884from the center of the trap to the surface is an order of
magnitude greater than the mean free path of hexoki-
nase ions under these conditions. Comparison of the
soft-landing efficiency of hexokinase ions between the
liquid surface and the fluorinated self-assembled mono-
layer substrate showed a five-fold increase in efficiency
throughout the energy range examined for the liquid
substrate. Not only was the ion soft-landing efficiency
higher on this surface but the specific activity of the
soft-landed proteins was also correspondingly higher in
the case of the liquid than the solid self-assembled
monolayer surface. The specific activity of the landed
hexokinase was determined using an assay that mea-
sured the phosphorylating activity of the soft-landed
enzyme using fructose as the substrate. A similar assay
has been reported by Leary and coworkers [40] and we
have previously used glucose as substrate in related
assays [5]. More specifically, the soft-landed hexokinase
was recovered from the surface by rinsing with ammo-
nium acetate buffer and an aliquot of this solution was
buffered and ATP Mg salt was added. In the case of the
F-SAM surface, the rinse solution was enriched with
glycerol to reproduce the liquid surface material (glyc-
erol/fructose) which was used in the parallel liquid
surface landing experiment. Subsequent to incubation,
the concentration of active enzyme was determined by
measuring the concentration of fructose-6-phosphate
using negative ion ESI-MS/MS, monitoring the loss of
PO3 from the deprotonated fructose monophosphate
[5]. External calibration of the assay employed standard
hexokinase solutions containing 0.1 to 10 ng of pure
enzyme. The specific activity was obtained by compar-
ing the total amount of hexokinase in the rinse solution
to the amount of active enzyme. Even within the
optimum landing energy range of 3 eV/charge, the
bioactivity of the recovered hexokinase was very small
for the case of the fluorinated self-assembled monolayer
functionalized surface and approximately quantitative
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Figure 4. ESSI-MS spectrum of hexokinase in 10 mM aqueous
ammonium acetate solution buffered at pH 5.in the liquid surface experiment. The specific activitydecreased rapidly for both surfaces when the experi-
ment was performed outside the optimum deposition
energy range and in the F-SAM case no signal for
fructose-6-phosphate could be observed above 5eV/
charge.
The difference in landing efficiency and residual
bioactivity can be explained by considering events
during the landing process. In the case of the fluori-
nated F-SAM surface colliding ions most likely undergo
some conformational reorientation, in some cases un-
folding, to expose the hydrophobic core to the substrate.
However, since the protein ions most likely do not
unfold completely, some of the charges still can remain
isolated from the hydrophilic surface groups causing
surface charge build-up. Hence, subsequent protein
ions experience the effect of a net charge on the surface
and an insulating layer of proteins, factors that could
contribute to the observed low soft-landing efficiency.
In the case of the liquid surface, the approaching
protein ions undergo a series of low energy collisions
with evaporating glycerol molecules gently removing
excess kinetic energy. If some of the protein charge sites
are still isolated and the solvent molecules are able to
provide counter ions to yield a neutral surface. Beyond
these advantages features, glycerol is well known to
stabilize folded protein structures [15].
The assumed incomplete neutralization on the F-
SAM surface implies that the landed ions can be de-
sorbed from a positively-charged surface without any
need for a supplementary matrix with a strong absorp-
tion band in the UV. In agreement with this expectation,
laser desorption spectra of soft-landed lysozyme on an
F-SAM surface shows multiply-charged ions corre-
sponding to several protonated charge states of the
landed species (Figure 5). Note that all the observed
ions have lower charge states than the mass-selected
soft landed ion itself, providing evidence for partial
neutralization occurring on the surface. In related work
from another laboratory, SIMS interrogation of F-SAM
Figure 5. LDI-MS spectrum of soft-landed lysozyme (M 8H)8
on a CF3-terminated SAM surface.surfaces carrying soft-landed doubly-protonated brady-
1881J Am Soc Mass Spectrom 2004, 15, 1874–1884 ION SOFT-LANDING INTO LIQUIDSkinin yielded doubly-charged ions of the peptide [41].
These observations on charge retention by landed ions
at particular surfaces are in agreement with the results
of early soft-landing experiments [2] and extend the
previously observed phenomenon on ionic deposition
on a surface to macromolecular systems. This result
should allow further exploration into the preparation of
surfaces with unusual electronic and biological proper-
ties.
On-Target Analysis of Soft-Landed Materials
In contrast to spray-based methods of analysis of
soft-landed materials, which necessarily involve dis-
solution of the surface matrix, MALDI offers a type of
analysis which can be carried out in principle without
any further modification of the surface. Glycerol and
carbohydrates themselves are not good matrices for
UV-MALDI applications; however, addition of vari-
ous UV absorbing chromophores (including tradi-
tional MALDI matrices) produces adequate liquid
MALDI matrices and soft-landing can be performed
directly into these matrices [42]. Soft-landing fol-
lowed by MALDI detection using -cyano-4-hy-
droxycinnamic acid and p-nitroaniline doped glyc-
erol surfaces gave the results shown in Figure 6. In
these experiments the surface carrying the liquid
matrix and the soft-landed material was directly
transferred from the soft-landing instrument to the
MALDI-TOF and the sample was interrogated using
MALDI without any prior modification. The detected
peaks are considerably broader than in the case of
solid matrices, which is in agreement with the find-
ings of previous studies [43]. In contrast to the
undesired peak broadening, liquid matrices show a
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Figure 6. (a) UV-MALDI mass spectrum of a s
into a glycerol/fructose/p-nitroaniline/water
landing [lysozyme 9H]9 into an -cyano-4-hy
mixture. No additional sample processing was
either case. p-Nitroaniline in the liquid surfac
-cyano-4-hydroxycinnamic acid dissolved in th
in (b).number of desirable features including good shot-to-shot spectral reproducibility and at least two orders
of magnitude dynamic range, features which should
allow quantification of the landed material using
external calibration. Adequate spectral reproducibil-
ity can be associated with the homogenous distribu-
tion of constituents and analytes in the liquid matrix,
features that cannot be achieved using a microcrys-
talline solid matrix. One of the most important impli-
cations of these experiments is the opportunity to
perform soft-landing and analysis in the same device,
viz. the possibility of doing in-situ analysis after ion
soft-landing. Although the quadrupole analyzer is
not compatible with MALDI ionization, since these
analyzers only work with continuous ion sources, the
linear ion trap (vide supra) will be combined with a
MALDI source in such a way that the soft-landed
material can be re-ionized and focused back into the
linear ion trap. Since the sample consumption of
MALDI analysis is negligible compared to the overall
amount of analyte, this method might be used con-
tinuous throughout the soft-landing experiment to
follow the progress of the experiment.
In-Situ Digestion
Liquid surfaces provide the capability of accumulating
compounds delivered as mass-selected ions to the sur-
face. This can be done in-situ using specific chemical
and enzymatic reactions or aliquots of liquid surface
material can taken and tested using various reactants to
provide more specific information about the landed
species. A special case of this type of application is
when an active enzyme is dissolved in the liquid
surface, and the landed substrate undergoes in situ
enzymatic modification. As a demonstration, cyto-
(Lysozyme+H)+
Lysozyme+2
Lysozyme+1
b) 
e after soft-landing the ion [lysozyme  9H]9
d. (b) UV-MALDI mass spectrum after soft-
cinnamic acid:3-aminoquinoline:glycerol liquid
between soft-landing and MALDI analysis in
ctioned as the UV-MALDI matrix in (a) and
uid surface functioned as a UV-MALDI matrixurfac
liqui
droxy
used
e fun
e liqchrome c ions were landed on a liquid surface which
s and
1882 GOLOGAN ET AL. J Am Soc Mass Spectrom 2004, 15, 1874–1884contained active trypsin dissolved in a glycerol/fruc-
tose/water mixture. The cytochrome c solution used for
ion soft-landing contained an equal amount of ly-
sozyme in order to represent results for a mixture. The
cytochrome c (M  15H)15 ion with m/z 825 was
isolated for soft-landing using an window of 15 units.
After soft-landing, the surface material was diluted,
incubated and -cyano-4-hydroxycinnamic acid was
added as a matrix compound prior to MALDI analysis.
Note, that from our experience all the tested MALDI
matrices are strong inhibitors of trypsin at appropri-
Figure 7. (a) ESI-MS spectrum of the lysoz
soft-landing experiment; (b)UV-MALDI-MS spe
cally active liquid surface containing trypsin. T
peptides resulting from tryptic digestion of sof
well as peptides resulting from trypsin autolysiately high concentrations (typical ratios of 1:1000 sam-ple:matrix), concentrations which are necessary to
achieve good signal resolution during the desorption/
ionization analysis; hence the matrix has been added
after soft-landing. After digestion, the resulting mass
spectrum Figure 7 shows 10 different tryptic fragments
of cytochrome c, which corresponds to a calculated
sequence coverage of 82%. Besides cytochrome c frag-
ments, autolysis products of trypsin, various glycerol or
fructose adducts, and a few lysozyme fragments (cor-
responding to less than 5% of the overall intensity; these
are ascribed to contributions from the 17 ion, m/z 843,
/cytochrome c binary mixture used for the
after cytochrome c digestion in an enzymati-
aks identified in the insert are characteristic of
ed cytochrome c in a glycerol environment as
lysozyme digestion.yme
ctrum
he pe
t-landwhich was incompletely separated) were also observed.
ed in
).
1883J Am Soc Mass Spectrom 2004, 15, 1874–1884 ION SOFT-LANDING INTO LIQUIDSThe peptide m/z values were entered into MS-FIT [44], a
peptide database which performs theoretical digestions
on the set of proteins contained in the Swiss-Prot
database. Among the most probable matches for the
tryptic peptides entered, cytochrome c Bos Taurus had
the highest score (Table 1) allowing its identification as
the soft-landed material.
One can envision the use of this method in a case
where a native mixture of unknown proteins is
separated by ion soft-landing and deposited into an
array of enzymatically active liquids, at predeter-
mined positions. Upon digestion and MALDI analy-
sis of each individual spot and with the use of a
search algorithm such as MS-FIT, the unknown pro-
teins could be identified.
Conclusions
In this paper, we have demonstrated that proteins can
survive the electrospray ionization and vacuum dep-
osition process, and, from a qualitative point of view,
do so without loss in their native properties. More-
over, the prospect of separating proteins from mix-
tures using ion soft-landing and depositing them into
liquid surfaces has been demonstrated. Such liquid
surfaces can be used for direct analysis by
MALDI-MS or they can be further processed to
exploit the bioactivity of the separated and soft-
landed chemical species. In the case of functionalized
enzymatic surfaces, the current study has demon-
strated that an enzyme substrate can be soft-landed
and digested so that the nature of the soft-landed
species can be determined by standard enzymatic
tests, e.g., as in the case discussed, through the use of
peptide identification and peptide search algorithms.
One significant result is the demonstration, in the
case of lysozyme, that soft-landing of the multiply-
protonated protein ion onto a fluorinated self-
assembled monolayer surface occurs with incomplete
neutralization. This allows accumulation of multiply-
charged ions on the F-SAM surface and their subse-
Table 1. Peptides from tryptic digestion of soft-landed cytochro
MOWSE
score
#/21(%)
masses
matched % Cov
%
TIC
Mean
err
ppm
Data tol
ppm
1 10210 21 (100) 100 100 0.00378
2 3657 15 (71) 83 71.4 0.00054
3 3652 15 (71) 83 71.4 0.00054
4 735 14 (66) 74 66.7 0.00639
5 734 14 (66) 74 66.7 0.00639
6 301 11 (52) 58 52.4 0.0054
7 300 11 (52) 58 52.4 0.0054
8 169 12 (57) 61 57.1 0.00907
9 16.5 10 (47) 66 47.6 3.93
aMS-FIT results from a computerized search, using the peptides observ
correctly identify the soft-landed material as cytochrome c (Bos taurusquent desorption from the surface by MALDI. Thisexperiment provides ions of lower mass/charge ra-
tios of these high mass ions, just as is seen in ESI
spectra. An important implication of these experi-
ments is that it should be straightforward to perform
soft-landing and product material analysis in the
same device, without removing the soft-landed ma-
terial from vacuum.
Further studies with other proteins having different
pI, stability and conformational properties are planned
to continue to evaluate this use of soft-landing into
active liquid surfaces as a possible new technology to
separate and identify unknown biological species from
complex mixtures. The storage of ions as a means of
protein immobilization clearly is a topic deserving close
scrutiny.
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